Escherichia coli endonuclease VIII (endo VIII) was identified as an enzyme that, like endonuclease III (endo III), removes radiolysis products of thymine including thymine glycol, dihydrothymine, ␤-ureidoisobutyric acid, and urea from double-stranded plasmid or phage DNA and cleaves the DNA strand at abasic ( 
Free radicals can be produced during normal cellular metabolism and after exposure to ionizing radiation, near UV light (320 -380 nm), and chemical oxidants (for reviews see Refs. 1 and 2). Free radical-mediated damages are believed to be the most frequently occurring DNA damages and include modifications to the purine and pyrimidine bases, the deoxyribose sugar, as well as breaks in the phosphodiester backbone (for reviews see Refs. 2 and 3). Base excision repair is the major pathway that processes oxidative DNA lesions with Escherichia coli defining the prototypic enzymes. Three E. coli DNA N-glycosylases containing an associated AP lyase activity, formamidopyrimidine DNA glycosylase (Fpg) 1 , endonuclease III (endo III), and endonuclease VIII (endo VIII), have been reported to recognize and remove oxidative base lesions and subsequently cleave the phosphodiester backbone, initiating the repair process (for reviews see Refs. 4 and 5) . Fpg and endo III have been well studied. Fpg, encoded by the fpg or mutM gene (6, 7) , was initially identified by its ability to recognize and excise from DNA 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine (FAPY-guanine), the imidazole ring open form of N 7 -methylguanine (8) . Fpg also releases 4,6-diamino-5-formamidopyrimidine (FAPY-adenine) (9), 8-oxoguanine (10) , and a number of pyrimidine products (11). 8-Oxoguanine, an important biological substrate for Fpg, is a major stable oxidative product of guanine and can pair with both C and A in vitro (12) (13) (14) . If cellular 8-oxoguanine residues are not repaired, G 3 T tranversions result (13) (14) (15) , and fpg null mutants are spontaneous mutators (16) .
Endonuclease III, a protein with an iron-sulfur cluster (17) , is encoded by the gene nth (18) . It was initially identified by its endonuclease activity on X-irradiated (19) and heavily UVirradiated DNA (20, 21) . Endo III specifically removes radiolysis products of thymine including ring saturated, fragmented, or ring contracted lesions such as, 5,6-dihydrothymine (DHT), 6-hydroxy-5,6-dihydrothymine, cis-and trans-thymine glycol (Tg), 5-hydroxy-5-methylhydantoin, methyltartonyl urea, and urea (for reviews see Refs. 4 and 5) . Endo III also excises 5-hydroxycytosine (5-OHC), 5-hydroxyuracil (5-OHU), uracil glycol, dihydrouracil (11, 22) , and 6-hydroxyuracil (23) which are stable oxidation products of cytosine (2, 3, 24) . A number of these lesions have been well studied with respect to their biological consequences. Both Tg and urea strongly inhibit DNA replication in vitro and are lethal in vivo (for reviews see Refs. 25 and 26) . The stable oxidative products of cytosine, uracil glycol, dihydrouracil, 5-OHU, and 5-OHC can pair with A during DNA synthesis in vitro (27) 2 and thus are potentially mutagenic. In fact, 5-OHC has been shown to be mutagenic in E. coli (29) . Despite the potential deleterious effects of oxidative lesions recognized and removed by endo III, nth null mutants are not hypersensitive to H 2 O 2 or ionizing radiation which produces these lesions and exhibits only a minor spontaneous mutator phenotype (18) . One possibility that could account for the lack of a phenotype in nth mutants is the existence of a redundant activity for the repair of these damaged base substrates. Several years ago, we identified a third E. coli oxida-tive DNA glycosylase, endo VIII, that had a substrate specificity similar to that of endo III (30) . Endo VIII recognizes and removes from DNA Tg, DHT, ␤-ureidoisobutyric acid, and urea and cleaves DNA containing an AP site (30) suggesting it as a candidate for a redundant activity. The gene for endo VIII, nei, was recently cloned, and indeed, double mutants, nth nei, are hypersensitive to the cytotoxic effects of x-rays and hydrogen peroxide and exhibit a 20-fold increase in spontaneous mutation frequency (31) .
In this paper, we report the further characterization of endo VIII and show that it recognizes cytosine products in addition to thymine products and cleaves the DNA backbone via a ␤,␦-elimination. We also report that endo VIII possesses a 5Ј-deoxyribophosphodiesterase activity and show the specificity, affinity, and stoichiometry of endo VIII binding to DNA containing a reduced AP site.
EXPERIMENTAL PROCEDURES
Enzymes and Chemicals-T4 DNA polynucleotide kinase, E. coli DNA polymerase I, terminal deoxynucleotidyltransferase, and shrimp alkaline phosphatase were purchased from U. S. Biochemical Corp. Uracil-DNA glycosylase was from Epicentre Technologies. E. coli endonuclease III was provided by Dr. Richard Cunningham, State University of New York at Albany. E. coli endonuclease IV and FAPY-DNA glycosylase were purified in this lab using a procedure similar to that for endo VIII (31) . NAP-5 and Sephadex G-50 columns were from Pharmacia Biotech Inc. A premixed solution of acrylamide plus N,NЈ-methylenebisacrylamide was from National Diagnostics. [␥-
32 P]ATP and ␣-32 P-cordycepin were from NEN Life Science Products. All other chemicals were obtained from either Sigma or J. T. Baker Inc.
Preparation of Oligodeoxynucleotide Substrates-Oligodeoxynucleotides were synthesized in the Department of Microbiology and Molecular Genetics at the University of Vermont or purchased from Operon Technologies. The oligodeoxynucleotides were purified on a 20% denaturing polyacrylamide gel containing 8 M urea. For enzymatic studies of endo VIII, the oligodeoxynucleotides containing an AP site were prepared by incubating a uracil-containing oligodeoxynucleotide with E. coli uracil-DNA glycosylase at 37°C for 1 h. The reduced AP (redAP) site containing oligodeoxynucleotides were prepared by incubating APcontaining substrates with 1-1.5 M NaBH 4 (dissolved in 0.5 N NaOH), pH 13, at room temperature for 2 h, neutralized by 100 mM Tris-HCl, pH 7.5, and then filtered through a NAP-5 column. The preparation of oligodeoxynucleotides containing an internal modified pyrimidine, Tg, DHT, 5-OHC, or 5-OHU was described by Hatahet et al. (32) . Briefly, dTgMP, dDHTMP, 5-OHdCMP, or 5-OHdUMP was incorporated on to the 3Ј end of an oligodeoxynucleotide with calf thymus terminal deoxynucleotidyltransferase and then the oligodeoxynucleotide containing a 3Ј-modified base was purified on a denaturing acrylamide gel. The preparation of double-stranded lesion-containing substrate was completed by ligation with T4 DNA ligase of the oligodeoxynucleotide containing a 3Ј-modified base with its downstream oligodeoxynucleotide after both were annealed to the template or by elongation with E. coli DNA polymerase I Klenow fragment of the oligodeoxynucleotide containing a 3Ј-modified base after annealing to a template. The oligodeoxynucleotides used for the various assays are listed in Fig. 1 . The lesion-containing oligodeoxynucleotides were either 5Ј-end-labeled by [␥- 32 P]ATP or 3Ј-end-labeled by ␣-32 P-cordycepin before annealing to a complementary oligodeoxynucleotide to form a double-stranded substrate.
Purification of Endo VIII-The purification of endo VIII has been reported (31) . Briefly, cell extracts were made from an E. coli nth xth double mutant, BW434. After nucleic acids were removed by precipita- tion with PEG 8000, the pooled crude extract was sequentially subjected to chromatography through S-Sepherose radial flow, Mono S, phenyl-Superose, and hydroxylapatite fast protein liquid chromatography, and an affinity column consisting of reduced AP-DNA-cellulose. Endo VIII was tracked by its ability to nick a Tg-containing doublestranded plasmid DNA in an alkaline fluorometric assay. The protein concentration of endo VIII fractions was measured following the instructions of the Bio-Rad Protein Assay kit using bovine serum albumin as a standard. In this paper, 1 unit of endo VIII, as well as endo III, endo IV, and Fpg, was defined as the amount of enzyme needed to cleave 1 pmol of double-stranded oligodeoxynucleotide containing an AP site per min at 37°C.
Enzymatic Studies of Endo VIII-An apparently homogeneous endo VIII preparation, as determined by both SDS-polyacrylamide gel electrophoresis and protein N-terminal sequence analysis (31) , was used in the biochemical characterization of the enzyme. 1-3 nM of a doublestranded (ds) substrate (Fig. 1) was incubated with 0.5 l of the enzyme in 5 or 10 l of buffer A (10 mM Tris⅐HCl, pH 7.5, 50 or 100 mM NaCl) at 37°C, and endo III, Fpg, and endo IV were used as controls (see details in figure legends). The reactions were stopped by adding 1 volume of the sample loading buffer (90% formamide, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% bromphenol blue). Samples were loaded onto a 0.4-mm thick 10 -20% denaturing polyacrylamide gel containing 8 M urea with 19:1 of acrylamide to N,NЈ-methylenebisacrylamide in TBE buffer (90 mM Tris⅐HCl, 90 mM boric acid, pH 8.3, 2.5 mM EDTA). The gel was electrophoresed at 60 -65 watts for 1.5-5 h, dried, and autoradiographed.
Electrophoretic Mobility Shift Assays-For the DNA binding assay, 1 nM 32 P-labeled double-stranded DNA, redAP-, U-, or T-27-mer/23-mer (oligodeoxynucleotide 6 in Fig. 1 ) was incubated with increasing amounts of endo VIII in 10 l of buffer A (containing 50 mM NaCl) plus 2 mM 2-mercaptoethanol at room temperature (22°C) for 10 min. For the binding competition assay, 10 nM labeled redAP-27-mer/23-mer was mixed with increasing amounts of the non-labeled redAP-or U-27-mer/ 23-mer before incubation with 20 nM endo VIII (see legend for Fig. 6 ). Immediately after adding glycerol to a 6% final concentration on ice, the samples were loaded onto a pre-run 0.75-mm thick 8% polyacrylamide gel with 80:1 of acrylamide to N,NЈ-methylenebisacrylamide and electrophoresed in TB buffer (90 mM Tris and 80 mM boric acid, pH 8.4 -8.6) at 300 V/13 mA for 1 h 40 min at 4°C. The gel was then dried and autoradiographed.
Determination of the Apparent Equilibrium Dissociation Constant of Endo VIII from redAP-DNA-The binding reactions of endo VIII to the redAP-27-mer/23-mer can be described by Equation 1.
The equilibrium dissociation constant, K d , can be calculated from the concentrations of free endo VIII (E8), free DNA, and endo VIII⅐DNA complex at equilibrium from Equations 2 and 3.
If f is the fraction of free DNA and [E8] is the concentration of free protein at equilibrium, the apparent (33) . Briefly, after the DNA binding reaction described above, the sample was electrophoresed on 5-10% non-denaturing gels, side by side with the bromphenol blue marker and four standard molecular mass marker proteins (␣-lactalbumin, chicken egg albumin, bovine albumin including the monomer and the dimer, and jack bean urease including the trimer and the hexamer). After electrophoresis, the gels were cut into two pieces, one with the lanes containing the binding reaction and the bromphenol blue marker and the other with the lanes containing the standard proteins and the bromphenol blue marker. The former was dried and autoradiographed; the latter was stained with Coomassie Blue and dried. The migration distance of each band was measured, and the relative mobility, R F , of the migration distances of the endo VIII⅐redAP⅐DNA complex and the standard proteins to that of the bromphenol blue were calculated and the data analyzed according to Ferguson (34) . The logarithms of the R F values were plotted against the percentages of the gel, and the slope of each plot was determined. The slopes for the standard proteins were plotted against their molecular masses, producing a molecular mass standard graph from which the molecular mass of endo VIII⅐redAP-DNA was deduced from its corresponding slope in the previous plot.
DNase I Footprint-Oligonucleotide 7 ( Fig. 1 ) (2.5 nM) containing a reduced AP site at position 24 from the 5Ј end was mixed with either endo VIII or Fpg protein, in the amounts indicated in the figure, in 20 mM Tris⅐HCl, pH 8.4, 2 mM MgCl 2 , 50 mM KCl, 20 g/ml bovine serum albumin at room temperature. 0.1 unit of DNase I (Life Technologies, Inc., amplification grade) was then added and incubation continued at room temperature for 5 min. The reaction was stopped with 10 mM EDTA and 95% formamide, and the samples were analyzed by denaturing polyacrylamide gel electrophoresis.
RESULTS
Substrate Specificity-Endo VIII was previously shown to specifically cleave plasmid or phage DNA containing AP sites, urea, ␤-ureidoisobutyric acid, DHT, or Tg using a fluorometric nicking assay and to release Tg and DHT from Tg-and DHTcontaining DNA by high pressure liquid chromatography analysis of the tritium-labeled products (30) . These data suggested that during DNA repair, endo VIII specifically removes radiolysis products of thymine from DNA by cleavage of the Nglycosylic bond followed by cleavage of the DNA phosphodiester bond at the AP site created by the first cleavage reaction. Fig.  2A compares endo VIII with endo III cleavage of doublestranded oligodeoxynucleotides with a 5Ј-32 P-labeled strand containing an AP site or Tg. Endo VIII (lanes 3 and 8) and endo III (lanes 2 and 5) cleaved the strand containing a Tg or AP site, and the 5Ј products of the Tg-and AP-containing substrates generated by endo VIII (compare lanes 3 with 8) and endo III (compare lanes 2 with 5) had the same mobility. Similar cleavage of a DHT-containing strand by endo VIII was also observed (data not shown).
In addition to thymine lesions, the specificity of endo VIII for two oxidative derivatives of cytosine was examined. Both 5-OHC and 5-OHU are stable oxidative products of cytosine (24) with potential mutagenic consequences (27, 29) . Fig. 2B shows that endo VIII cleaved the strand containing 5-OHC (lanes 4 and 7) and 5-OHU (lanes 10 and 13) opposite both G and A as does endo III (lanes 3, 6, 9, and 12). Endo VIII also exhibited cleavage activity on substrates containing two other oxidative products of cytosine, uracil glycol, and dihydrouracil. 2 
Mechanism of Cleavage of the Phosphodiester Backbone by
Endo VIII-We had previously reported that the nick produced in Tg-containing DNA by endo VIII was not a substrate for DNA polymerase I Klenow fragment suggesting that, like endo III, it acted as a lyase via a ␤-elimination (30) . To examine further the mechanism of phosphodiester backbone cleavage by endo VIII, a double-stranded oligodeoxynucleotide containing an AP site was used as a substrate, and the mobilities of the 3Ј and 5Ј cleavage products produced by endo VIII were analyzed in a denaturing polyacrylamide gel. Endo IV, endo III, and Fpg were used as controls. As shown in Fig. 3A , the mobility of the 3Ј-labeled product from endo VIII incision of the AP-containing strand (lane 4) was identical to that of the 3Ј product from endo III (lane 2) or Fpg (lane 3) incision, as well as that of the 3Ј-labeled 23-mer marker containing a 5Ј phosphate (lanes 5). These data suggest that endo VIII nicked the phosphodiester backbone 3Ј to the AP site, leaving a phosphate group at the 5Ј side of the nick as do endo III and Fpg. The existence of the 5Ј end phosphate group was confirmed by the results presented in Fig. 4 . After alkaline phosphatase treatment, the 3Ј product from endo VIII incision at the AP site migrated as fast as the dephosphorylated 23-mer marker (compare lanes 10 with 11 in Fig. 4) .
Endo III cleaves the DNA backbone by ␤-elimination, leaving an ␣,␤-unsaturated aldehyde at the 3Ј side of the nick (35) . Consistent with this mechanism, the 5Ј-labeled product from endo III incision migrated more slowly than the 5Ј cleavage product from endo IV incision which contains a 3Ј hydroxyl group produced by hydrolysis 5Ј to the AP site (36) (compare lanes 9 with 7). The 5Ј product generated by endo IV was the same as the 5Ј-labeled 12-mer marker (lane 16). As has been previously reported (37) , the 5Ј endo III cleavage product was a doublet (lane 7), the second band of which is thought to be the result of interaction with Tris in the buffer. Fpg cleaves the DNA backbone at the ␤ and then the ␦ position through ␤,␦-elimination, leaving a phosphate at the 3Ј end of the 5Ј cleavage product (38) . As expected, the mobility of the 5Ј-labeled product generated by Fpg incision was faster than that produced by endo IV incision because of the extra negative charge of the 5Ј phosphate group (compare lanes 8 with 9 and 16). The mobility of the 5Ј endo VIII cleavage product was the same as the ␤,␦-elimination product of Fpg (compare lanes 10 with 8). When the endo VIII reaction was followed by incubation with T4 polynucleotide kinase that contains a 3Ј-phosphatase activity, the mobility of the ␦-elimination-like product produced by endo VIII now migrated as the 5Ј product from endo IV incision which contains a 3Ј hydroxyl group on the 5Ј product (compare lanes 11 with 9). These data suggest that the 5Ј product from endo VIII cleavage contained a 3Ј phosphate resulting from a ␦-elimination. When E. coli DNA polymerase I (Pol I) was added without or with four dNTPs following the endo VIII reaction, the ␦-elimination-like product could not be cleaved by the 3Ј to 5Ј exonuclease activity of Pol I nor could it be elongated by the polymerase activity of Pol I (compare lanes 12 and 13 with 10), consistent with a previous report which showed that the 3Ј phosphate of the ␦-elimination product formed by Fpg inhibits both reactions (39) . The existence of the 3Ј phosphate group was further confirmed by the following result. When the endo VIII reaction was followed by incubation with polynucleotide kinase, the 3Ј-dephosphorylated endo VIII cleavage product could then be either cleaved to short fragments (lane 14) by the proofreading exonuclease activity of Pol I or elongated with the addition of the four deoxynucleotide triphosphates to the full length of the template (lane 15) by the polymerase activity of Pol I as is the 12-mer containing a 3Ј hydroxyl group (lanes 17 and 18) . Taken together, the data show that the 3Ј and 5Ј products of endo VIII cleavage at an AP site resulted from ␤,␦-elimination.
To determine further whether the ␦-elimination of endo VIII also proceeded through ␤-elimination as does Fpg (38) , a double-stranded substrate with a 5Ј-labeled AP-containing strand was incubated with endo III to completion, followed by incubation with endo VIII. Fig. 3B shows that the 5Ј ␤-elimination product of endo III could be further cleaved by endo VIII, producing a 5Ј ␦-elimination product (compare lane 3 with lane 2). Whenever a lower concentration of endo VIII was used for incision of an AP-containing substrate, two 5Ј cleavage prod- ucts of different mobilities were obtained as follows: one corresponded to the ␤-elimination product of endo III and the other to the ␦-elimination product of Fpg (data not shown). This result suggests that the 5Ј ␦-elimination product formed by endo VIII cleavage of AP site-containing DNA comes from further cleavage of the 5Ј ␤-elimination product and that the two steps can be separated. Fig. 3B also shows that, even with a 10-fold higher amount of endo VIII (2.3 ϫ 10 Ϫ2 unit) over that required to completely incise the AP-containing strand (2.3 ϫ 10 Ϫ3 unit), significantly less ␦-elimination product was produced from cleavage of the endo III-produced ␤-elimination product (compare lanes 3 with 5) . The amount of 5Ј ␦-elimination product formed from the 5Ј ␤-elimination product was even less than that of ␤,␦-elimination of the AP-containing strand by a 100-fold lower amount (2.3 ϫ 10 Ϫ4 unit) of endo VIII (compare lane 3 with 4). Thus, endo VIII bound to or catalyzed ␦-elimination of the extant 5Ј ␤-elimination product with a much lower efficiency than with the AP-containing substrate, suggesting that, after ␤-elimination, endo VIII catalyzes ␦-elimination before it dissociates from the DNA or that endo VIII preferentially rebinds to its newly formed ␤-elimination product. Alternatively, it is possible that endo III remained bound to the cleaved product inhibiting subsequent endo VIII cleavage; however, the concentration of endo III used (1 nM) was well below the K d .
Excision by Endo VIII of the 5Ј-Terminal Deoxyribose Phosphate (dRp) Produced by Endo IV Incision-Endonuclease IV (36) and exonuclease III (40) hydrolytically incise AP sitecontaining DNA 5Ј to the AP site producing a 5Ј-terminal dRp in the 3Ј cleavage product. The 5Ј dRp cannot be efficiently removed by the 5Ј to 3Ј exonuclease activity of DNA polymerase I except at very high pH and protein concentrations, and the half-life of the 5Ј dRp is at least 2 h (41-43). Accordingly, for efficient repair of AP sites by base-excision repair, the 5Ј dRp produced by an AP endonuclease must be removed by some other activity. In E. coli, both Fpg (44) and RecJ (45) have been shown to excise the 5Ј dRp. Since endo VIII and Fpg share sequence homology (31) and mode of lyase cleavage (Fig. 3 ), endo VIII was tested for this activity. As shown in Fig. 4 , incision to completion by endo IV of a double-stranded oligodeoxynucleotide substrate at an AP site (lane 4) was followed by incubation with increasing amounts of endo VIII (lanes 6 -8) using Fpg as a positive control (lane 5); the reaction (mixture in lane 7) was also followed by alkaline phosphatase digestion. As a control for the 3Ј product of the 5Ј terminal dRp excision, the endo VIII incision reaction (lane 10) was followed by incubation For lanes 6 -15, the AP-36-mer was 5Ј-end-32 P-labeled. For all the incision reactions, 1 nM DNA was incubated with ϳ6 ϫ 10 Ϫ2 unit of a base-excision repair enzyme in 5 l of buffer A at 37°C for 20 min (lanes 2 and 7, endo III; lanes 4 and 8, Fpg; lanes 4 and 10, endo VIII; lane 9, endo IV). A sample of the endo VIII reaction was followed by incubation with 1.5 ϫ 10 Ϫ1 units of T4 polynucleotide kinase (lane 11) or ϳ6 ϫ 10 Ϫ2 units of E. coli DNA polymerase I (Pol I) without and with 100 M dNTP (lanes 12 and 13) in buffer A supplemented with 10 mM MgCl 2 at 37°C for 5 min. A sample of the endo VIII then polynucleotide kinase reaction was followed by the Pol I reactions without or with four dNTP (lanes 14 and 15) . For lanes 16 -18 , the 12-mer (oligo 3) was 5Ј-end-labeled and used as a positive control for the Pol I reactions. B, the AP-36-mer was 5Ј-end-labeled. 1 nM DNA was incubated with ϳ6 ϫ 10 Ϫ2 units of endo III (lane 2) or endo VIII, 2.3 ϫ 10 Ϫ4 , 2.3 ϫ 10 Ϫ3 , and 2.3 ϫ 10 Ϫ2 units, lanes 4, 5 and 6, respectively, at 37°C for 20 min. A sample of the endo III reaction was followed by incubation with 2.3 ϫ 10 Ϫ2 units endo VIII for another 20 min. The reaction samples were electrophoresed in a 12% denaturing polyacrylamide gel. AP* and *AP denote that the AP-containing strand of the substrate was 3Ј-and 5Ј-end-32 P-labeled, respectively.
with alkaline phosphatase (lane 11). All the reaction mixtures were treated with NaBH 4 , pH 13, to reduce the 5Ј terminal deoxyribose, which otherwise is unstable and easily lost during electrophoresis in a denaturing gel at high temperature. The results show that increasing amounts of endo VIII incubated with the endo IV-preincised substrate increased the amount of a 3Ј-labeled product that appeared to comigrate with the product produced by Fpg (compare lanes 6, 7, and 8 with 5). (For some reason, in this but not other gels, the bands from the endo IV then Fpg reaction sample migrated more slowly in lane 5 than expected as indicated by the two dye markers.) With 0.15 unit of endo VIII, nearly 100% of the 3Ј excision product was produced from the 3Ј endo IV-preincised substrate; this 3Ј-labeled product from endo VIII excision also migrated identically to the 3Ј-labeled product from endo VIII incision of the AP-containing substrate and that of the 3Ј-labeled 23-mer marker containing a 5Ј phosphate group (compare lanes 6, 7, and 8 with 10 and 2). After incubation with phosphatase, the 3Ј product from the endo IV then endo VIII reactions was converted to a product with the same mobility as the dephosphorylated 3Ј product from endo VIII incision and 23-mer marker (compare lanes 9 with 11 and 1). (The upper band in lane 9 was considered to be the dephosphorylated form of the remaining 3Ј endo IV incision product.) These data show that the 3Ј product from endo VIII excision of the endo IV-preincised AP-containing substrate and that from the endo VIII incision of the APcontaining substrate were identical and carried a 5Ј terminal phosphate. The same results were obtained with an AP site in a different sequence context (data not shown). Thus, endo VIII was able to remove a 5Ј terminal dRp from the 3Ј product generated by endo IV at an AP site. With both substrates, endo III also excised the 5Ј terminal dRp but with a much lower efficiency than endo VIII or Fpg (data not shown). This "dRpase" activity of endo III has also been observed by others (44) . Specific DNA Binding of Endo VIII-Since endo VIII seemed to tightly bind a redAP-containing DNA affinity column during endo VIII purification (31), redAP site-containing oligodeoxynucleotides were chosen to study the DNA binding specificity, stoichiometry, and affinity of endo VIII by the electrophoretic mobility shift assay. The binding reaction conditions were also optimal for endonucleolytic activity of endo VIII.
To show specificity of DNA binding of endo VIII, 1 nM 32 Plabeled double-stranded oligodeoxynucleotide containing either a redAP, uracil (U), or thymine (T) was incubated with increasing concentrations of endo VIII. Incubation of the redAP-27-mer/23-mer with increasing amounts of endo VIII produced increased amounts of a band with reduced mobility, presumably an endo VIII⅐DNA complex (Fig. 5A) , whereas incubation of endo VIII with the U-or T-27-mer/23-mer produced less than 1% of the corresponding slower band even at 666 nM endo VIII 
Ϫ2
; lane 8, ϳ1.5 ϫ 10 Ϫ1 unit). The reaction mixtures were treated with 1.5-2 M NaBH 4 , neutralized with 100 mM Tris, pH 7.5, and filtered through NAP-5 column. A sample of the reaction with endo IV and then with ϳ1.5 ϫ 10 Ϫ2 unit of endo VIII was further incubated with shrimp alkaline phosphatase (lane 9). As controls, the original APcontaining substrate was also incubated with ϳ1.5 ϫ 10 Ϫ1 units of endo VIII (lane 10), followed by incubation with shrimp alkaline phosphatase (lane 11). Lanes 1 and 2 contained the p23-mer size marker (oligo 4) with and without incubation with phosphatase. The reaction samples were electrophoresed in a 20% denaturing polyacrylamide gel. AP* indicates that the AP-containing strand of the substrate was 3Ј-end-32 P-labeled (61 1-9) endo VIII. Lane 10, DNA only. B, 10 nM 32 P-labeled ds redAP-27-mer/23-mer was mixed with the unlabeled 10, 20, and 38 nM (lanes 2-5) ds redAP-27-mer/23-mer or unlabeled 10, 20, 38, and 160 nM (lanes 6 -9) ds U-49-mer/50-mer, and the mixture was incubated with 20 nM endo VIII. The reactions were performed at 22°C for 10 min and immediately electrophoresed in a 10% nondenaturing polyacrylamide gel in a cold room (see "Experimental Procedures"). *redAP indicates that the redAP-27-mer was 5Ј-end-labeled.
(data not shown). These data suggest that endo VIII specifically bound to redAP-containing DNA.
The specific binding of endo VIII to double-stranded redAPcontaining DNA was further supported by binding competition. A fixed concentration of 32 P-labeled redAP-27-mer/23-mer (10 nM) was mixed well with increasing concentrations of unlabeled redAP-27-mer/23-mer (lanes 2-5) or U-27-mer/23-mer (lanes 6 -9) before incubation with a fixed concentration of endo VIII (20 nM). As can be seen Fig. 5B , the unlabeled redAP-containing oligodeoxynucleotide at a concentration equal to and ϳ4-fold higher than that of the labeled DNA effectively competed the labeled complex (compare lanes 3 and 5 with 2) . In contrast, little reduction of the labeled complex I was observed even when a 16-fold greater concentration of the unlabeled uracilcontaining DNA was present (compare lane 9 with 22). The specific binding of endo VIII to redAP-containing DNA was also found with another set of oligodeoxynucleotides where the lesion was in a different sequence context (data not shown). The competition assay was also done by incubating the labeled redAP DNA with endo VIII for 10 min followed by incubation with increasing amounts of the unlabeled DNA for another 10 min. Essentially the same results were obtained as described above (data not shown).
To determine the apparent equilibrium dissociation constant, K d , for the binding of endo VIII to the redAP-containing oligonucleotide, the radioactive intensity of each band in the gel of Fig. 6A was analyzed using a Bio-Rad molecular imager. The percentages of the labeled endo VIII⅐DNA complex were plotted against the concentration of endo VIII, from which the K d for the complex was estimated to be 3.9 nM (Fig. 6) .
Stoichiometry of DNA Binding by Endo VIII-To characterize further the specific binding of endo VIII to the redAPcontaining DNA, the stoichiometry of the endo VIII⅐redAP-27-mer/23-mer complex was determined by the method of Orchard and May (33) . Samples of the binding reactions were electrophoresed in a series of denaturing polyacrylamide gels of different concentrations, side by side with standard protein markers of different molecular masses. The relative mobilities, R F , of the protein standards and the endo VIII⅐DNA complex, were determined, and calibration curves for all the entities were generated (see "Experimental Procedures") as shown in Fig.  7A . Then a Ferguson plot (34) was constructed by plotting the slopes of the lines obtained for the standard proteins (in Fig.  7A ) against their molecular masses, producing a standard curve for determining molecular mass (Fig. 7B) . From the standard curve, the mass of endo VIII⅐redAP-27-mer/23-mer was estimated to be ϳ50 kDa. Since the molecular mass of the 3Ј-end 32 P-labeled 27-mer/23-mer was ϳ17 kDa, the total mass of endo VIII in this complex was ϳ33 kDa which is in close   FIG. 6 . Determination of the K d for DNA binding by endo VIII. The electrophoretic mobility shift gels were scanned, and the radioactive intensity of each band was quantified using the Bio-Rad Molecular Analyst Package. The percentage of radioactive intensity of the 32 Plabeled bound DNA or free DNA was plotted against the concentration of endo VIII in each reaction, and the concentration of endo VIII at which 50% of the redAP-oligo was taken as the K d .
FIG. 7.
Determination of the stoichiometry of the endo VIII⅐DNA complex. The binding reaction sample (using the ds redAP-27-mer/23-mer containing a 3Ј-end-32 P-labeled redAP-containing strand) along with the native protein markers and bromphenol blue were electrophoresed in nondenaturing polyacrylamide gels of 5-10%. Then each gel was cut into two pieces. The part containing the native protein markers was stained with Coomassie Blue, and the other part containing binding reaction samples was dried and autoradiographed. The distance migrated by the endo VIII⅐DNA complex or each protein marker was measured and divided by the distance migrated by bromphenol blue in the same gel, generating the relative mobility (R F ) for each. A, calibration curves. The logarithm of the R F of each protein marker and DNA-protein complex was plotted against the percentage of the gel. The slope of each line was determined. q, ␣-lactalbumin, 14.2 kDa; E, chicken egg albumin, 45 kDa; ؋, bovine albumin, monomer, 66 kDa; f, bovine albumin dimer, 132 kDa; OE, jack bean urease trimer, 272 kDa; Ⅺ, jack bean urease hexamer, 545 kDa; ‚, endo VIII⅐redAP-27-mer/23-mer complex. B, Ferguson plot. The slope of the line for each standard protein was plotted against the molecular mass of the standard of the protein monomer or multimer (q), yielding a standard curve from which the molecular mass of endo VIII⅐redAP 27-mer/23-mer complex (E) was determined.
agreement with the molecular mass of endo VIII protein (33 versus 30 kDa). Therefore, we concluded that the stoichiometry of the endo VIII⅐redAP-27-mer/23-mer complex was 1:1 for endo VIII⅐DNA.
DNase I Footprint of Endo VIII on a redAP-containing Oligodeoxynucleotide-In an attempt to ascertain the contact sites between endo VIII and the reduced AP-containing oligodeoxynucleotide, DNase I footprint analysis was done. Fig. 8A shows that the footprint of endo VIII on the damage-containing strand of the redAP-50-mer (Fig. 1) is asymmetric with contacts possibly up to 9 nucleotides 3Ј to the abasic site. DNase I-hypersensitive sites were also observed at 1 and 2 bases 5Ј to the reduced AP site with possibly an additional contact being made at the 3rd and 4th base 5Ј to the reduced abasic site. In this sequence context, but not another, a DNase I hotspot appeared at ϩ12. In contrast, the DNase I footprint of Fpg protein on the reduced AP-containing oligodeoxynucleotide was symmetrical with contacts being observed 4 bases both 3Ј and 5Ј to the lesion. The Fpg DNase I footprint is consistent with the expected smaller hydroxyl radical footprint of Fpg protein on DNA containing a tetahydrofuran residue where the binding was symmetrical protecting a stretch of 2 nucleotides on either side of the lesion (46) . There appeared to be weaker protection by endo VIII of a similarly sized region on the complementary strand (Fig. 8B) ; however, with a DNase I footprint, this does not necessarily imply that endo VIII made direct contacts to the complementary strand. For both proteins, the footprint was dependent upon protein concentration, and similar results were obtained with a reduced AP site in different sequence context.
DISCUSSION
Endo VIII is the third E. coli DNA glycosylase/AP lyase, in addition to endo III and Fpg, which has been shown to recognize and remove oxidative DNA base lesions (30) . The substrate specificity of endos III and VIII appear to be completely overlapping. Both recognize thymine ring saturation products ( Fig. 2A) (for reviews see Refs. 10 and 11), cytosine oxidation products with unsaturated rings (Fig. 2B) , cytosine ring saturation products 2 urea (30), and AP sites ( Fig. 2A) . These in vitro biochemical data suggest that in the cell both endo VIII and endo III contribute to the removal of oxidized pyrimidines which are produced by ionizing radiation, ultraviolet light, as well as normal cellular metabolism. This suggestion is supported by recent studies of the phenotypes of mutants lacking endo VIII (nei mutants), and/or endo III (nth mutants) (31) . Double mutants lacking both endos III and VIII are hypersensitive to killing by x-rays and hydrogen peroxide. Moreover, in a rifampicin resistance forward mutation assay, nth nei double mutants show a strong spontaneous mutator phenotype (ϳ20-fold) which is comparable to that of fpg mutants (ϳ15-fold) (7, 47) . Single nth mutants exhibit a weak mutator phenotype (ϳ6-fold), whereas single nei mutants show no increase in spontaneous mutation frequency over wild type.
Although endo III and VIII share the same substrate specificity, they appear to have little or no sequence similarity. In contrast, endo VIII and Fpg have both sequence and functional similarities. They share significant sequence identity in the N-terminal and C-terminal regions (31) , including the N-terminal proline which forms the Schiff base required for the Fpg lyase activity (48, 49) and the C-terminal zinc finger which is responsible for Fpg binding to DNA (46, 50) . Endo VIII also shares with Fpg III the mechanism of ␤,␦-elimination for cleavage of the DNA phosphodiester bond (Fig. 3) as well as the 5Ј-terminal dRp excision from the endo IV-preincised AP site. (Fig. 4) .
The dRpase activity of endo VIII, like that of Fpg, appeared to be independent of divalent metal ions as were other activities of the enzyme. After reduction by NaBH 4 of the endo IV-preincised products from AP-containing substrates, the 5Ј-terminal dRp could not be removed by endo VIII (data not shown), indicating that the carbonyl group at C-1Ј of the abasic deoxyribose in the ring open aldehyde form was essential for the excision of the 5Ј-terminal dRp by endo VIII. This suggests that the excision of the 5Ј-terminal dRp by endo VIII may occur through ␤-elimination as has been suggested for Fpg (44) . The k cat for the 5Ј-terminal dRp excision by Fpg has been reported to be the same as for its incision of the DNA strand at an AP site which is 12.5-fold faster than that for its DNA glycosylase activity (44) . However, in our assay (Fig. 4) , the efficiencies of endo VIII and Fpg for the 5Ј-terminal dRp excision appeared to be ϳ100-fold lower than those for incision of DNA at an AP site. The different sequence context surrounding the AP site in the DNA substrates used here and in the previous study (44) might have caused the different relative efficiencies of Fpg observed for the 5Ј-terminal dRp excision versus DNA incision at an AP site. In addition to Fpg and endo VIII, RecJ is also capable of removing the 5Ј-terminal dRp from an AP site preincised by endo IV. RecJ removes the 5Ј-terminal dRp by hydrolysis; its activity is Mg 2ϩ -dependent (45) . fpg recJ double mutants as well as either single mutant are not sensitive to methyl methanesulfonate (45) , which methylates bases and produces AP sites, intermediates in the base excision repair pathway. If endo VIII can function in the cell to remove 5Ј-terminal dRp, triple mutants, fpg recJ nei, might be hypersensitive to alkylating agents.
The apparent K d for endo VIII, 3.9 nM on a redAP-containing oligodeoxynucleotide, is similar to dissociation constants observed for Fpg, 0.26 nM and 9.5 nM on redAP-containing (51) and furan-containing (52) oligodeoxynucleotides, respectively. Both endo VIII and Fpg bind a reduced AP site significantly more strongly than endo III (K d , 0.2-2 M) (53). As pointed out by others (53) , repair enzymes bind to damaged DNA less tightly than sequence-specific regulatory proteins; however, in theory, this should be advantageous for an enzyme that must recognize the damage in a multitude of sequence contexts, remove it and go on to repair the next damage.
Interestingly, the DNase I footprints for endo VIII and Fpg on a redAP site are different (Fig. 8) . Although both are small, about 6 -8 bases, and primarily make contacts on the strand containing the damage, the endo VIII footprint is asymmetric to the 3Ј side of the lesion, whereas the Fpg footprint is symmetrical around the lesion suggesting that their active site pockets are positioned differently in their otherwise similar primary structures.
Considering the sequence and functional similarities between the two enzymes, nei and fpg, the genes coding for endo VIII and Fpg, respectively, may have evolved from a common ancestor. Endo III, on the other hand, exhibits high homology with E. coli MutY which removes A from A/8-oxoguanine and A/G mispairs (54, 55) . The latter enzymes contain a helixhairpin-helix motif, a flexible structure that forms the boundary to the interdomain region of the protein that contains the active site pocket, and an [4Fe-4S] cluster loop, which appears to be involved in DNA binding (56) . Not only do nth and mutY appear to be derived from a common ancestral gene, but they are members of a superfamily of proteins from archaebacteria to humans. The genes for the functional homologs of endo III have been cloned from Saccharomyces cerevisiae (57, 58) , Schizosaccharomyces pombe (59) , as well as from bovine (60) and human (61, 62) sources. Although all members of this superfamily are DNA glycosylases, some members, such as the Micrococcus luteus UV endonuclease (63) , the Methanobacterium thermoformicicum T/G mismatch repair protein (64) , and E. coli AlkA, a 3-methyladenine DNA glycosylase (65), do not share substrates with endo III.
Where do endo VIII and Fpg fit into this scheme? Functional homologs of Fpg have been identified across phyla, but no sequence homologs of Fpg or endo VIII have yet been found in eukaryotes. OGG-1, a S. cerevisiae functional homolog of Fpg, has a similar substrate specificity but no sequence homology to Fpg. (66) It might be argued that base excision repair in S. cerevisiae is anomalous since there appears to be no MutY and, unlike E. coli, there is a second activity, OGG-2, which removes 8-oxoguanine but in different pairing contexts than Fpg (67) . Alternatively, it has been suggested that OGG-1 shares some homology with endo III and might be a member of the Nth superfamily (67); therefore, OGG-1 rather than Fpg might be the family founder for recognition of oxidized purines. This latter interpretation has recently been given credence by the cloning of the human OGG homolog (28) . Thus the family membership of endo VIII and Fpg awaits the structural characterization of these proteins.
